The design (software control) guidelines are presented for medical laser systems based on the analysis of the tissue temperature response to various lasers at both cw and pulsed modes. By solving the laser volume-heating diffusion equation, we analyze the roles of various laser and tissue (or water) parameters on the laser-heated solution temperature profiles, including laser intensity, pulse-width, on-off ratio, absorption and thermal constants of the solution or tissues. Two experimental setups are designed to measure the real-time temperature profiles change under laser interactions with results compared to the computer simulations. One experiment uses nano-gold solution which is heated by a diode laser at 808 nm and temperature increases on the surface and inside the solution are monitored for feedback controlled laser on-off time. The other experiment uses water as the solution and heated by a diode laser at 1450 nm. Our new finding includes the optimal control of the laser on-off time and the adjustment of absorption coefficient by off-resonance excitation. The finding and novel features are analyzed theoretically.
Introduction
Lasers have been used for various medical procedures such as dermatology and plastic surgery [1] [2] [3] [4] wound healings [5] , nerve stimulation [6] , dentistry [7] and many other therapeutic procedures. Combining the nanoparticles, diode lasers have been also used for cancer therapy [8] , bio-sensing, bio-imaging, drug delivery and diagnostics of cancer cell [9] [10] [11] [12] [13] . Lasers in the near infrared (IR), wavelength of 750-1200 nm, have deeper tissue penetration depths than that of visible lasers. Therefore, near IR lasers are good candidates for procedures which need deep penetrations such as hair removal and nano-gold mediated cancer therapy. On the other hand, visible lasers (430-680 nm) with strong absorption in blood and color-dyes have been used for phototherapy of oral cancer, retina deceases and tattoo removal. Mid-IR lasers (1.9 -3.0 um and 9.3 -10.6 um) with strong absorption in water and tissue have been used for super surface procedures or ablative type procedures such as soft and hard tissue ablation. Other IR lasers (1.3-1.6 um) have been used for so called minimally invasive procedures such as resurfacing due to their smaller tissue absorption than that of mid-IR lasers.
Laser-tissue interaction, in general, could be categorized into three processes: (a) pure thermal, (b) non-thermal, and (c) combined thermal and non-thermal effects. These processes are governed by not only the tissues optical properties but also the laser parameters such as its wavelength, energy, intensity, pulse-width, repetition rate and the operation modes (cw or pulsed). For example, an ablative Er:YAG laser operated at short pulse could become a thermal laser when it is operated at low power and/or long pulse; whereas a thermal laser at 1540-nm operated at long pulse could become an ablative, non-thermal laser when it is operated at very short pulse, say less than 10 picoseconds.
Overheating of the laser targeted surface areas is always an issue in laser thermal processes such as hair removal and acne treatment. Therefore, cryogen spurts are commonly used in these laser procedures [1] . Alternative method was also proposed by Lin et al using onoff laser pulse-train to avoid surface overheating and deeper laser energy penetration [8] . In multiple laser pulses procedures, the laserinteraction dynamics is much more complex than that of cw or single pulse situation. Therefore, optimal control of the laser parameters and operation modes are required for best clinical outcomes. This article will provide certain key design (software control) guidelines for medical laser system based on the analysis of the tissue temperature response after laser irradiation. By solving the laser volume-heating diffusion equation, we will analyze the roles of various laser and solution parameters on the laser-heated solution temperature profiles, including laser intensity, pulse-width, on-off ratio, absorption and thermal constants of the tissues. Two experimental setups are designed to measure the real temperature profiles change under laser interactions (at wavelength of 810-nm and 1450-nm) with results compared to the computer simulations. New experimental findings and features will be analyzed theoretically. These features are valuable for laser system designs to meet specific clinical procedures such as selective cancer cell/tumor killing and skin rejuvenation.
Experiments
We introduce two experimental setups as follows. The first one uses a near IR diode laser system (custom-made by New Vision Inc., www.nvi-laser.com, Taiwan) with three wavelengths at 808, 852 and 915 nm, fiber-coupled, bundled and coupled to one single external fiber connected to a hand piece. Using a convex lens, we obtained a collimated output beam having a spot size of 8.0 mm. The to be studied system is a container filled with gold nanorods (GNRs) mixed with distilled water and has a diameter of about 9.0 mm comparable to the laser spot size such that the whole area is illuminated uniformly. The GNRs (manufactured by ITRI, Taiwan) has an aspect ratio (length/ width) of 4.0, corresponding to an absorption peak around 810 nm [8] .
Two T-type thermal couples (Omega Engineering Inc., US) were inserted into the GNRs solution at a position (depth) of z=1.5 and 5.0 mm to measure the temperature near the surface (defined as surfacetemperature) and inside the GNRs solution (defined as volumetemperature). These temperature profiles are real-time monitored and recorded by NI-DAQ device (made by National Instrument, US). Custom-designed Labview software was used for feedback controlling the laser on/off times such that a preset surface-temperature is achieved and kept within a bandwidth of about 0.25°C. The on/off pulsed-train technique allows the surface-temperature of the GNRs solution to remain at a preset value without over-heating, whereas the volumetemperature significantly increases comparing to that of a single-pulse operation. Using the above described experimental setup, the roles of absorption coefficient (A) and laser intensity(F) on the surface and volume temperature profiles are measured and will be analyzed by our theory to be presented in the next section. In addition, our experimental new findings will be shown to be consistent with and actually predictable by our theory.
The second experimental setup (as shown in Figure 1) consists of a container similar to the first setup but filled with distilled water only. A diode laser (at 1450 nm, power up to 5.0 W) is used to cause the temperature increase of the solution. An IR camera is used for real time monitoring of the solution surface temperature. The Absorption coefficient of the water solution is measured to be about 30 cm -1 at 1450 nm. The IR camera used in this experiment has a response time about 150 ms.
Theory
The temperature profile of the laser irradiated solutions measured by our two experimental setups may be described by a heat diffusion equation as follows [14, 15] 
where z is the laser propagation direction along the depth of the GNRs solution, k and K are, respectively, the thermal conductivity and diffusivity of the solution, F is the laser intensity, B is the extinction coefficient, which can be expressed by B=[A(A+2S)]1/2, where A and S are the absorption and scattering coefficient. 15 In this study we will assume that the scattering is much smaller than the absorption, and B=A.
The above heat diffusion equation is solved numerically under the initial and boundary conditions:
where h is the heat transport coefficient due to the air convection of the GNRs solution surface. Typical thermal parameters to be used in our calculations are K=0.0045 (WC/cm), k=0.00149 (cm 2 /s), and h=0.01 (WC/cm 2 ) [16] . We shall use above theory to study and compare with the measured data showing the roles of A and F on the temperature profiles near the surface and inside the GNRs solutions. We shall note that our experimental setups have an open solution container which is not a close system. Therefore, we must use a non-zero heat transport coefficient (h). The role of h-value will be analyzed later.
In pulsed laser operation or on-off pulse-train, the light source term of Eq. (1), laser intensity F(t), becomes time dependent and can be characterized by step-function (assumed to be square pulses) defined by the on-off time of the operation. In cw laser operation, the laserheated solution will reach a steady-state when the irradiation time is much longer than the thermal relaxation time (Tr) given by17 Tr=179/ A2 (in pure water) or Tr=251/A2 (in tissue). . One may easily solve Eq. (1) to obtain the steady state solution given by:
And the normalized (by the maximum surface temperature at the end of the laser irradiation) surface maximum temperature is given by,
From above equations, we readily see that T* is proportional to the product term (F/K)[1/b1/2 -1/A], when h=0 and it is independent to k. Therefore, larger (AF/K) produces higher T* which can be justified also by the numerical solution of Eq. (1).
Results and discussion

The roles of laser intensity (F)
We first study the role of laser intensity (F) on the surfacetemperature increase. In the first experiment we measured the laser illumination time needed (defined as t, in seconds) for the near-surface (z=1.5 mm) temperature increase of 100 °C, that is from an initial temperature of 250 °C to 350 °C. Using a 808-nm diode laser (having a measured A=3.5 cm As expected from our theory, higher h-value causes a lower surfacetemperature due to air convection of the GNRs container. Also, shown in Figure 2 (right), we calculated laser illumination time needed for various A values indicating that larger (AF) values have a shorter time needed to reach a specific temperature increase. These numerical results can be also realized by the steady-state analytic solution, Eq (3.b).
Pulsed train technique
In the pulsed train technique, custom-designed Labview software was used for feedback controlling the laser on/off times such that a preset surface-temperature is achieved. We analyze the roles of A and F on the temperature increase profiles (dT) in three categories as follows:
Case (a): fixed A and change F Figure 3 shows the measured surface-and volume-temperature increase profiles (dT) of the first experiment described earlier, at positions z=1.5 and 5.0 mm, respectively, for a diluted GNRs solution (with A=1.33 cm -1 ) heated by various laser intensity of F= (1.0, 2.0, 2.9) W/cm 2 . In these measurements, we controlled the surface-dT to be about 100C (with a bandwidth about 0.250C) by the pulsed train on-off technique such that the volume-dT (at z=5.0 mm) reaches about 80C, which cannot be achieved in cw mode operation without overheating the solution surface. In addition, larger F shows faster surface-dT rising profile and higher volume-dT inside the solution. The on-off ratio is about 1 to 3 in these measured data.
Case (b): fixed AF, change A and F
As shown in Figure 4 , measured temperature increase profile (dT) due to a diode laser at 808 nm (with A=2.9 cm ). These data show that smaller A (with larger F) has a faster rising surface-dT profiles and higher volume temperature. These measured trends are also predicted by our theory, as shown in Figure 5 , with fit parameters of K=0.0045 (WC/cm), k=0.00149 (cm 2 /s), and h=0.05 (WC/cm 2 ), where the measured laser on-off ratio (about 1 to 3) is used in the computer simulation. These features could also be realized by observing the laser heating term of Eq. (1),
BZ ( AF / K )e
− , which indicates that the temperature increase profile (dT) is proportional to the combined factor of (AF/K). However larger A-value will cause a lower dT due to the stronger exponential absorbing (decaying) term , respectively). The rather surprising results show that (for a fixed F) smaller A achieves higher volume-dT, same trend as that of case (b), but the lower surfacedT has an opposite surface-dT trend of case (b) shown by Figure 5 (with fixed A but changing F). These novel measured features are predictable by our theory shown in Figure 6 (Right).
We should note that the pulsed-train on-off method along cannot increase the volume-dT to the desired value. One shall also require an optimal A value (say about 1.0m to 1.5 cm -1 ) which may be controlled either by the GNRs concentration or by using specific off-resonance laser wavelengths. It should be noted that the A-value cannot be too small (say <0.5 cm -1 ) which will require a longer time needed (say >60 seconds) for a surface-dT about 100C .
The novel features demonstrated in the above described cases (b) and (c) also imply that cancer tumor having a dimension of 10x10mm can be treated using the pulsed train method presented in this paper, but not by the conventional single pulse method. For example, as shown by the 2 solid curves of Figure 9 , the volume-dT is lower than 70°C when the surface-dT reaches 100°C at its first pulsed train. Any cancer tumor with size over 5.0 mm cannot be treated via conventional single pulse method, unless the surface is overheated.
In the above examples, we have clearly demonstrated both experimentally and theoretically that the volume dT could be significantly increased to treat large size tumors using the combined techniques of: (a) the pulsed train operation, and (b) the optimal control of the laser intensity and the absorption coefficients for a given GNRs aspect ratio and concentration. This study provides us a general guidance that for clinically optimized condition of 10 to 40 seconds laser irradiation time to kill the cancer tumor with size of 0.5 to 1.5 cm diameter, one should use a laser intensity about (1.0-3.0) (W/cm 2 ) and control the A values about (0.8-2.0) cm -1 . Furthermore, the pulsedtrain (on-off) technique is required to avoid surface overheating.
We should note that the in vivo situation in animal and/or human cancer therapy will be much more complex than the in vitro, simplified conditions described in this paper. These complexities shall include the non-uniform GNRs concentration in the tumor, the multi-layer normal-cancer tissue medium with multiple thermal parameters, and the blood flowing of the laser-targeted areas. This study with simplified conditions defined by uniform GNRs solution and controlled thermal parameters, however, still provides meaningful guidance based on vitro experimental measurements which are also consistent with theory. In addition, the design of multiple-wavelengths laser system shall partially overcome the issues of GNRs non-uniform and multiple thermal medium for a 3-dimensional-therapy, in which various absorption penetration depths are available via the fiber-coupled multiplewavelength laser simultaneously targeting the cancer tumors, Finally, the novel techniques and the laser system with auto-temperature control introduced in this paper should provide useful tool for animal studies which are in progress in our lab, where a faster temperature response time (about 150 ms) given by an IR camera will be integrated to our existing system for real-time surface temperature monitoring.
The role of laser on-off ratio
We shall now present the roles of laser on-off ratios on the surface temperature profiles T(t) which are measured by our second experimental setup using a diode laser at 1450 nm propagating in water solution. The measured data are shown in Figure 7 (Left) for laser intensity F=2.5 (W/cm 2 ) and laser on-time of 0.8 sec with various off-time of (0.6, 1.2, 2.2, 6.4) sec. One may readily see that larger off/ on ratio produces lower T(t) as one should expected. This feature may be used in laser related clinical procedures which requires a preset increase of the surface and volume temperatures without overheating the laser heated surface, such as human skin. Examples include laser hair removal, acne and retina coagulation currently used in many commercial systems. Figure 7 (Right) is the computer simulation based on Eq. (1) which shows the high similarity to the trend of the measured profiles.
Laser heating plus surface cooling
We shall analyze yet another multiple laser pulses situation, in which cryogen spurs are used to avoid tissue surface overheating.1 Figure 11 shows four types of cooling and laser pulsing combinations which have been used in commercial lasers for hair removal and acne treatment,1 where the laser pulse is fixed at 50 ms, but the cooling periods are varying. The computer simulated curves (shown in Figure  8) show the similar trend as the measured data of Zhang et al [1] .
The roles of A and F
We shall analyze the roles of the tissue thermal constants and laser parameters on the temperature increases for the case of cw operation. Figure 9 shows the theory fit (solid curves) to the measured data for the surface temperature increase dT(z=0, t=10 sec) caused by 10 seconds irradiation of 1450-nm diode laser in water. Figure 10 shows the effects of absorption coefficient (A) and laser intensity (F) on dT. As we expected, dT is almost linearly proportional to F and the slopes are increasing function of A. Another example is shown in Figure 11 , where larger F has a faster raising curve of dT.
Temperature spatial profile Figure 11 shows the roles of A on the temperature spatial (in the depth direction) profiles T(z) at a given laser irradiation time (10 seconds) for diode laser heated water at 1450 nm and for h=0.05 (WC/ cm 2 ) and k=0.00149 (cm 2 /s). We note that the surface temperatures (at z=0) are lower than the volume temperature (around z=0.1 cm) due to the air convection of the laser-heated solution defined by the heat transport coefficient (h). The effects of A and F are shown by Figure   Figure 10 . The effects of laser intensity (F) on the surface-temperature increase (dT), where F in the unit of (W/cm 2 ). (Right) Calculated temperature profiles T(z) at a given laser irradiation time (10 seconds) for diode laser heated water at 1450 nm (or A=30 cm-1, with a fixed F=10 W/cm 2 ). 12, where AF is fixed at 24 (WC/cm 2 ) and varying A and F, where the cw-mode laser irradiation time is 5 seconds. We note that smaller A (or larger F) produce higher T(z, t=10 sec). Finally, we show the roles of thermal conductivity (k) and diffusivity (K) of the laser-heated solution on the surface temperature profiles dT(z=0, t) and surface temperature increase dT (0,t=10 sec), respectively. As seen in Figures 13 and 14 that larger thermal conductivity (k) produces higher dT and faster rising slope, in contrast to the reverse trend of diffusivity (K). These features may also be realized by Eq. (1) and (2.c).
Conclusion
This paper provides certain key design guidelines for medical laser system based on the tissue temperature response after laser irradiation. By solving the laser volume-heating diffusion equation, we analyze the roles of various laser and tissue parameters on the tissue temperature profiles, including laser fluence, pulse-width, on-off ratio, absorption and thermal constants of the tissues. New experimental finding consistent with theoretical calculations are valuable for the designs of laser medical procedures, in which optimal laser operation for the surface and volume heating was achieved by a novel pulsed-train technique.
